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Thecondensationpressureofairwasdeterminedovertherangeof
temperaturefrom600to85° K. Theexperimentalresultswereslightly
higherthanthecalculatedvaluesbasedontheidealsolutionlaw.

Heatofvaporizationofoxygenwasdeterminedatfourtemperatures
rangingfromabout68°to 91°K andofnitrogenstiflarlyatfouxtem-
peraturesrangingfrem’62°to @o K.

INTRODUCTION

Inviewofthelowtemperaturesandtheconsequentcondensation
processesencounteredinhypersonicwind-tunnelresearch,a programwas
initiatedattheNationalBureauofStandardsforthedeterminationof
thebasicpropertiesofliquidairanditscomponentsto aidinthe
developmentofthetheoryofcondensationinwindtunnels.Theproper-
tiestobe determinedintheinvestigationwerethecondensationline
ofair,theheatsofvaporizationofoxygenandnitrogen,amdthesur-
facetensionof-airanditscomponents.Thisreportconstitutesthe
resultsofthemeasurementsinvolvingthefirsttwoproperties.The
surface-tensionmeasurementsareyettobemade. Thecondensationline
wasdeterminedfrom600to85° K. Theheatofvaporizationof oxygen
wasdeteminedatfourtemperaturesrangingfrom68°to 91°K andof
nitrogenshilarlyatfourtemperaturesrangingfromabout62oto ~“ K.

Thisworkwasconductedunderthesponsorshipandwiththefinancial
assistanceoftheNationalAdvisoryCowitteeforAeronautics.The
authorsaregratefliltoMessrs.W. BruennerandM. L. ReillyoftheNBS
fortheirassistancewithsomeoftheexperimentalwork.
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APPARATUSANDMETHOD

As thedataforthecondensationlineofairwereurgentlyneeded
a methodwasusedinwhichtheexistingapparatuswasreadilyapplicable
althoughthedataobtainablewerenotconsideredtobe extremelyaccu-
rate. Thecondensationpressureofairwasdeterminedby successively
introducingintoa thermostatedcontainermeasuredquantitiesofair
freedofcarbondioxideandwater.Theobservedpressureswereplotted
as a functionoftheamountsofairadded,andtheintersectionofthe
straightlinerepresentingthegasphaseandofthatrepresentingthe
vapor-liquidphaseswastakentobe thecondensationpressureatthe
giventemperature.Inthesemeasurementsan adiabaticcalorimeter
servedas a thermostatedcontainer.Thedesignandtheoperationof
thecalorimeterhavebeenpreviouslydescribedinthepaperon1,3-
butadieneby Scottandothers(ref.1). Thequantityofairadmitted
intothecalorimeterwasdeterminedvolumetricallyat a knowntempera-
ture(about26° C). Thet~eratureofthecalorimeteranditscontents
rosesf’tereachadditionofair,becausetheairintroducedintothe
calortieterwasat a highertemperature.Thetemperatureinthecal.o-
rtieterwasrestoredby firstcoolingbelowthedesiredtemperatureand
thenheating.Thepressurewasreadaftertemperatureequilibriumusing
a mercurymanometeranda mirror-backedcalibratedglassscale.The
pressurereadingswereconvertedto standardmilltietersofmercury

(gravity,980.665cm see-2;temperature,O )0 C onthebasisthatthe

loc~ gavityis980.076cmsee-2.

Theheat-of-vaporizationexpertientswerecarriedoutusinga dif-
ferentcalorimeter,shilarindesigntothecalorimeterusedinthe
condensation-lineexperhnentsexceptfora vslveplacedonthefilling
tubewithinthespacesurroundedby theadiabaticshield.A similar
calortieterhaspreviouslybeendescribedby Astonandothers(ref.2).
Briefly,inthevaporizationexpertientsa knownelectricalpowerwas
suppliedcontinuouslyto evaporatethematerial.Thevaporwasremoved
isothermallyfromthecalorimeterby controllingthevalveandwascon-
densedina high-pressurecylinder(230ml)usingliquidhydrogenas
therefrigerant.TheweighingsweremadeusinganH. Troemnerbalance
of2-kgcapacity.Theelectricalpower,ttie,andtemperaturemeasure-
mentsaswellas othercalor~etricproceduresweresimilartothose
previouslydescribedinreference1.

Inthevaporizationexperhnentspartofthematerialvaporized
remainsinthecalorimeterto occupythespaceleftby thevaporized
liquidor solid.ThetotalelectricalenergyQ andthemass m of
thematerialcollectedarerelatedtotheheatofvaporizationperunit
ITESS t by
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where V and v arethespecificvolumesofthevaporandcondensed
phases,respectively,p isthevaporpressure,and T isthetemper-
atureofvaporization.Intheseriesofresultspresentedinthis

~ ~ ~owted toreport,themaximumvalueoftheconversionterm
m

0.6percent(nitrogen).

SAMPLES

Theairusedinthesemeasurementswas
carbondioxideandwaterbypassingthrough
andcalciumchloride.As airisconsidered

atmosphericairfreedof
a tubecontainingAscarite
practicallyuniformincom-

position,noanalysiswasmade. tithisreportairisconsideredtobe
a ternarysystemcontainingO.~11,0.2096,and0.0093molefractionof
nitrogen,oxygen,andargon,respectively.Thesefigureswerecomputed
fromthecompositionofvariousgasesindryairatthenormalsealevel
as givenbyHumphreys(ref.3) onthebasisthatthegasesotherthan
thesethreewereabsent.

“

Theoxygensamplewaspreparedby thermaldecompositionofpotassium
permanganateasgivenby thereaction:

2KMn04(200°-2500c) +Mn02 +K#n04 + 02

Theusualprecautionsof eliminatingadsorbedgasesonthesurfacesof
thegeneratingandcollectingsystemsweretaken.Thefirst10percent
oftheo~gen generatedwasdiscarded.Thisprocedureservedtopurge
thesystemandto riditofanyvolatileimpuritiespresentinthepotas-
siumpermanganate.Althoughthematerialusedwasofreagentgxle, a
considerableamountofwaterwasgenerated.Thelatterwasremovedby
meansofa dry-ice- acetonecoldtrap. Thepurityoftheproductwas
determinedfromtheequilibriummeltingtemperatures(ref.4). Inthis
methcdhewn amountsofthematerialaremeltedandthecorresponding
equilibriumtemperaturesaremeasured.Thetemperaturesareplottedas
thefunctionofthereciprocalofthefractionmelted1/%’,where F is
thefractionmelted.Theproductoftheslopeofthecurveandthe
cryoscopicconstant-L/RT# isthemole-fractionhpurity,where L
istheheatoffusion,R the-gasconstant,and ~ thetriple-point
temperature.Themethod,however,involvescertainassumptions.The

.
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solutionisconsideredto obeyRabult’slawthroughouttherangeof
concentration,andtheimpuritiesareconsideredto remaininsolution
withoutforminga solidsolutionwiththemajorcomponerrt.Theresults
ofthepuritydeterminationwiththeoxygenaregivenintable1 and
figure1. Thepurityas computedfromtheslopeofthecurvewas
99.997molepercent.Thetemperatureintercept,lb = O, istakento
be thetriple-pointtemperature,andthisvaluewas‘34.370°K.l The
cryoscopicconstantwastakentobe -0.0181deg-linwhichthevalueof
theheatoffusionusedwas444.7absj mole-l(ref.5).

Thenitrogenwasa high-puritydrynitrogenobtainedfromTheLinde
AirProductsCo. Thismaterisllwasusedwithoutadditionalpurifica-
tion. Itspuritywasdeterminedfromtheequilibriummeltingtempera-
turesandtheresultsofthemeasurementsaregivenintable2 andfig-
ure2. Thepurityfoundwas100.000molepercentandthetriple-point
temperaturewas63.1800K. Thecryoscopicconstantwastakentobe
-0.0217deg-land)theheatoffusionusedwas720.9absj mole-l-(ref.6).
ThepurityspecificationgivenbyTheLindeAirProductsCo.wasmaximum
argonandotherinertgashpurities,100partspermillion;andmaximum
other3mpurities,100partspermillion:

RESULTS

CondensationPressures

Theresultsofthecondensation-pressuredeterminationaregivenin
table3 andinfigures3(a)to 3(h). Thefiguresgivethepressureat
theintersectionandthecorrespondingtemperature.Figure4 showsa
semilogsrithmicplotofthecondensationpressm asa functionofthe
temperature.Thevapor-pressure- compositionresultsof In@is (ref.7)
andDodgeandDunbar(ref.8)withtheo~gen-nitrogensolutionswere
plottedona lsrgescaleandthedew-pointpressuresat21percentoxygen
and79percentnitrogenwereobtained.Thesevaluestogetherwiththe
valuesbasedonRaoult’slawareplottedforcomparisoninfigure4,
whichshowstheexperimentalresultstobe slightlyhigher.Theconden-
sationcurveintherangeoftemperaturefrom600to 65°K isdrawn
brokenas solidphaseisalsoexpectedtobe formedinthisrange.

As showninfigure3 thepressurescorrespondingto theaddedair
inthegaseousrangeliecloselyona straightline.Anydeviationfrom
thisstraightlinebecomesquiteevidentwhencondensationbegins.The

%?hetemperaturesindegeesKElvinwereobtainedfromtherela-
tion ‘K . ‘C+ 273.1600andaretobe consideredaccurateto 10.O1OOK.

.
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observed-pressuresinthevapor-liquidrangelieona smoothcurvewith
respectto airadded.Theintersectionofthelinerepresentingthe
vaporandthelinedeterminedby thefirsttwopressuresdeviatingfrom
thevaporlinewastakentobe thecondensationpressure.Thegeomet-
ricalconstructionsaregiveninfigure3. Thecondensationpressures
soobtainedarebelievedtobe probablyaccurateto 5 mm andtheyare,
consideringthegeometricalconstructionandover-allresults,probably
high. Themethodwascheckedbymeasuringthecondensationpressureof
pureoxygenat86.45°K (table4 andfig.5). Thecondensationpressure
obtainedwas503.9mmHg andthevaporpressuregivenby Hoge(refs.9
and10)atthistemperatureis5@.2 mmHg.

HeatsofVaporization

Thevaporizationexperimentswithoxygenandnitrogenaresummarized
intables5 and6,respectively.To convetitheexperimentaldatato
heatsofvaporizationthedensitiesofliquido~gen givenbyBalyand
Donnan(ref.D) andMathiasandOnnes(ref.12)andofliquidnitrogen
byBalyandDonnan(ref.U_)andDewar(ref.13)wereused. Thetem-
peraturescaleoftheearlierinvestigatorsisbelievedto differ
slightlyfromthatofthiswork;thedifference,however,isnotsuffi-
cientlylargeto affecttheconversionterms.Thederivativesofthe
vaporpressurewithrespecttotemperaturewereobtainedby tabular

. differentiationofthevaporpressureof oxygengivenbyHoge(refs.9
and10)@d ofnitrogengiveninthe“NBS-NACATablesofThermalProper-
tiesofGases”(ref.14)+ Theheatsofvaporizationwereconvertedto
thenearesttenthofa degreeandaveraged.Themeanheatofvaporiza-
tionforeachtemperatureisgiven”intables5 and6. Themaximum
deviation(0.18percent)oftheheatsofvaporizationfromthemean
occurredat62° K insolidnitrogeninwhicha lowerdegreeofprecision
abdaccuracyisexpectedbecauseof experimentaldifficulties.Except
at 78°K innitrogenthedeviationfromthemeaniswellunder0.1per-
cent. Thefinalresultsarecomparedintables7 and8 andinfigures6
and7 withpreviouslypublishedvalues.Ofthepreviousinvestigations
onlytheresultsoflilt(ref.15)extendedovera rangeoftemperatum.
A1.tfittedlinearrelationstotheresultsofhismeasurements. The
equationsarecomparedinfigures6 and7.

NationalBureauofStandards,
Washington,D. C.,August1,1952.
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TABLE1

EQUILIBRIUMMELTINGTEMPERATURESOFOXYGEN

[- eratureintercept,%.370°K;

purity,99.997molepercent]

lb T, ‘K

54.3609
;:$ 54.3630
2.05 54.3671
1.49 54.3678
1.20 54.3684

-

T!AEGE2

EQUILIBRIUMMELTING~ s OFNITROGEN

[
Temperatureintercept,63.1800K;

1pmity,100.000molepercent

l/i I T, ‘K

7.40
4.15
3.44
1.81
1.38
1.17

63.17957
63.17970
63.17974
63.17979
63.17993
63.17988

——. .—
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TABLE3

CO~ION PRESSUREOFAIR

Relativeamount Pressure,
of airadded mm Hg

Temperature,60.000K

o 6.9
1 17.1
1.97 24.6

29.3
% 32.5
4.79 34.4

Temperature,~. 970K

o 22.3
39.9

b 55*3
2.90 67.1
3.82 74.7
4.73 80.4

Temperature,69.01°K

:.:; (& -

8:69 ~3:8
10.48 130.7
12.22 142.0
13.94 150.1
15.63 157.3
17.30 162.7
18.95 167.3

Temperature,69.g4° K

o 69.8
1 135.3
1.97 170.3
2.93 189.2
3.88 200.4
4.82 208.2

.

_— .—— .—-— .- ——
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TABLE3.- Concluded

CONIXMA!TIONPRESSUREOFAIR

Relativeamount Pressure,
of airadded mmHg

Temperature,75.000K

l=% 169.3
2.89 =8.8
3.79 265.1
4.66 307.0
5.51 335.0
6.35 352.3
7.18 366.2
8.00 377.1

Temperature,80.00oK

1 428.3
l.% 485.4
2.85 53895
3*P 588.0
4.54 626.8
5.34 647.1
6.13 663.3

Temperature,83.000K

o 758.1
1 798.7
1.95 836.2
2.86 869.3
3.74 8g3.4
4.60 907.2
5.44 918.8

Temperature,85.o1oK

o 1,009.8
1 1,037.0
1.% 1,062.5
2.86 1,083.7
3.74 1,103.7
4.59 1,115.7
5.42 1,124.b
6.24 1,132.7

—-. . . — .——
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CONllIllSM!IONPKESSUREOFOXYGIZN~ 86.450K

Relative amount Pressure,
of oxygenadded mmHg

o 302.1
1 364.8
1.g4 424.~
2.84 478.3
3.72 502.3
4.58 504.2.
5*45 504.5
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T,
%

68.406;
68.4X22
68.4146

68.40

76.0053
76.0181
76.0241

76.00

94.1392

34*1O

91.28%
91.2870

91.30

Q,
abs j

489.66
506.02
993.66

--------

l,u24.25
96.57
939.87

--------

882.OC

--------

941.63
943.07

--------

TABLE5

HEATSOFVAPORI~IONOFOXY@Zli

M,
g

2.1128
2.1807
4.2870

------

4.971.6
4.1883
4.1599

------

4.0215

------

4.4162
4.4261

------

Q/m,

~bsj g-l

231.76
232”.&
231.78

------

226.14
226.00
225.94

------

219.32

.-----

213.22
213.07

------

~ ~,

%bsj g-l

0.05
.05
.05

----

.16

.16

.16

----

.45

----

●93
●93

----

1,

~bsj g-l

231.7i
231.99
231.D

------

225.99
225.84
225.78

------

218.87

------

2x2.29
212.14

------

L,

bs j mole-l

7,414.7
7,423.7
7,415.4

7,418.2

7,231.4
7,226.9
7,225.0

7,228.2

7,003.8

7,004.9

6,793.3
6,788.5

6,79o.4

— . —.—— -—. ———
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T,
%

62.0018
62.OIP

62.00

67.9588
67.9620

68.00

73.0913
~ .0887

73.10

78.0153
78.0147

78.00

Q,
absj

784.87
753.17

------

778-P
T82.46

------

7’85.35
741.84

------

592.92
593.58

.-----

II!AELE6

HEATSOFVl@ORIZWXIXXiOFIWI!RO(XN

m,

g

3.2376
3.I.185

------

3.6907
3.7100

------

3.8208
3.6134

------

3.4581
3.471.4

------

Q/m,

absj g-]

242.42
241.52

------

2U.00
210.91

------

205.55
205.30

------

200.38
19.80

------

0.15 242.27
.15 241.37

---- I ------
.35 =0.65
.35 ao. 56

---- I ------
.70 204.85
.70 204.60

---- 1------
1.23 199.15
1.23 198.57

---- I ------

L,
zbsj mole-l

6,787.4
6,762.2

6,775.0

5,901.6
5,899.0

5,899.0

5,739*1
5,732.1

5,735.2

5,579.4
5,563.1

5,511.8

.

.
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TABLE7

15

COMPARISONOFHEATOFVAPORIZ&TIONOFOXYGENAT NORMAL

.

BOm~G POINT(760m HG)

~ definedcal= 4.1840absj; seealsofig.6]

Heatofvaporization,
Source

absj mole-1

~earer(ref.16)a b 8,170
Estreicher(ref.17)C b7,740
Dewar(ref.18)d 6,848
Alt (ref.15) 6,818
BarschaU(ref.19~ 6,868
Witt(ref.20) 6,831
Keesom(ref.21) 6,792
Eucken(ref.22) 6,690
Dana(ref.23) 6,830
GiauqueandJohnston(ref.~) 6,814.9
FrankandClusius(ref.24) 6,822.8
ClusiusandKonnertz(ref.25) 6,819.9
Thisresearch(interpolatedto 90.1gO0K, 6,824.8
refs.9 and10)

aPressure:740mmHg= 89.9°K (refs.9 and10).
%?ointsnotplotted.
cPressure:735.1mnHg = 89.88°K (refs.9 and10).
‘Pressure:760.9nmHg = ~.30°K (refs.9 and10).
‘?Pressure:763m Hg = 90.4°K (refs.9 and10).

— —.—z .— —— —— --- —
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COMPARISONOF

r

Tmm8

H?USI’CO?VAPORIZ&lYtONOFNITROGENM NORMAL

BOmR?GPom (760m HG)
1

L1 definedcal= 4.1840absj;seealsofig.7J

Heatofvaporization,
Source

absj mole-l

Shearer(ref.16)a 5,838
kwar (ref.18) 5,900
Alt (ref.15) .5,582
Witt(ref.20) 5,810
Eucken(ref.22) ‘ 5,703
Dana(ref.23) 5,593
GiauqueandClayton(ref.6) 5,576.8
Thisresearch(interpolatedto77.395°K, 5,592.2
ref.14)

aPressuxe: 737mmHg= 77.14°K (ref.14).

.
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FRACTIOi MELTED

Figure 1.- Melting curve of oxygen sample.
intercept, y+.3700

Slope, -O. 00166; temperature
K.
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Figure 2.- Melting curve of nitiogen sample. Slope, -0.000043;temperature
titercept, 63.1799°K (approximately63.1&3°K).
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(a) Temperature,60.000K; intersection,22.5mmHg.

Figure3.-Condensationpressureofair.
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(b) Temperature,64.9’70K; intersection,63mmHg.

Figure3.-Continued.
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(c)Temperature,69.01°K; intersection,133mm ~.

Figure3.-Continued.
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(d)Temperature,69.~0K; intersection,158mmHg.

Figure3.-Continued.
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(e)Temperaturej~ .OOOK; intersection,335mm Hg.

Figure3.-Contimedo
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(f)Temperature,80.00°K; intersection,628mnHg.

Figue 3.-Continued.
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(g) TemperaWe,83.000K; intersection, @l m Hg.

Figure 3.- Continued.
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(h)Temperature,85.01°K; intersection, 1,105m Hg.

Figure3.- Concluded.
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Figure k.. Condemnation line of air.



NACATN296928

560

520

480

440

.

400

360

/

320

2800
1 3 5

RELATIVEAMOUNTOFOXYGENADDED

Figure5.- Condensationpressureof oxygen.Temperature,%.45°K;
intersection,503.9mnHg.
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Figure 6.-Heat of vaporization of oqgen.
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Figure 7.-Heat of vqmization of nitrogen. g


